Abstract. Two-photon excitation fluorescence (TPEF) microscopy was used to measure the 5-aminolevulinic acid (5-ALA)-induced PpIX fluorescence in follicular lymphoma DHL cells. Kinetics of 5-ALA-induced PpIX accumulation in DHL cells under various 5-ALA concentrations was studied. We found that during the course of continuous incubation with 5-ALA, the relationship between the DHL cell fluorescence signal and the incubation time showed a biphasic variation. Initially the PpIX signal increased with the incubation time and reached the maximal value at about 3 h, and then it decreased with time during the subsequent incubation period. By labeling the 5-ALA incubated DHL cells with different organelle-specific fluorescence probes: Rhodamine 123 (for mitochondria), DioC 6 (3) (for endoplasmic reticulum) and LysoTracker Green (for lysosomes) respectively, we found that 5-ALA-induced PpIX was primarily localized in endoplasmic reticulum and mitochondria; its concentration in the lysosome was much lower. The results suggested that 5-ALA could potentially be an effective photosensitizer in photodynamic purging of DHL cells. Two-photon excitation fluorescence microscope is a useful tool for studying 5-ALA-induced PpIX subcellular localization.
Introduction
In recent years, 5-aminolevulinic acid (5-ALA) has been used in photodynamic diagnose and photodynamic therapy (PDT) studies of various cell lines and diseases including pre-cancer (actinic keratosis) and invasive cancers (1) (2) (3) (4) , while PDT purging of leukemia cells has become a subject of intensive research (5-7). 5-ALA is the precursor of protoporphyrin IX (PpIX), when it is administered to patients, PpIX is produced through the heme biosynthetic pathway. Because of the significant difference in the activities of key enzymes in the heme pathway between tumor and normal tissue, the PpIX accumulation in tumor cells is generally higher than that in normal cells (8, 9) . PpIX can lead to photosensitization by a broad spectrum of light especially when it is irradiated by blue light around 410 nm or by red light around 630 nm (10) .
5-ALA has been successfully used in the photodynamic purging of HL60 cells, K562 cells and other leukemia cells (11) (12) (13) (14) . However, to the best of our knowledge, there is no previous report on the photodynamic purging of lymphoma cells. There are many different types of lymphoma. Our interest is to use DHL cells available in our laboratory as an example to study PDT purging for lymphoma therapy. DHL cells are a follicular lymphoma cell line. The objectives of this work were to study the sensitization of DHL cells to 5-ALA, the kinetics of 5-ALA-induced PpIX in DHL cells; and the localization of PpIX within DHL cells. Previous studies have demonstrated that the pattern of photosensitizer subcellular localization correlated with the photodynamic mechanisms and photodynamic efficiency (15) (16) (17) (18) . Therefore, this study is very important for developing an optimized procedure for photodynamic purging of DHL cells using 5-ALA as the photosensitizer.
The kinetics of 5-ALA induced PpIX in leukemia cells has been studied previously using macro-spectrofluorometer measurements of cell samples in cuvette (19) . In these types of experiments, 5-ALA was first incubated with leukemia cells for different time periods. Then the incubated cells were centrifuged to remove the debris. The characteristic fluorescence of PpIX in the cell samples was then measured in a spectrofluorometer and the concentration of PpIX was derived by comparing with PpIX fluorescence calibration standard. This experimental procedure was complicated and the results reflected only the average PpIX concentrations in the sample, not the real PpIX concentration in single cells. In this study, we used two-photon excitation fluorescence microscopy to study the kinetics of 5-ALA induced PpIX in DHL cells. In combination with organelle-specific optical probes, subcellular distribution and localization of 5-ALAinduced PpIX were also investigated in this work. Different from conventional one-photon excitation fluorescence measurement methods, two-photon fluorescence microscopy uses femtosecond laser as the excitation source and the fluorescence excitation takes place only within the focus region of the laser beam. Although the instantaneous intensity is high, the average power reached the sample is low and much less photobleaching and/or photodamaging occurs in the measured biological samples (20) (21) (22) (23) .
Materials and methods
Chemicals and cell culture. 5-Aminolevulinic acid (5-ALA) and RPMI-1640 were purchased from Sigma. 5-ALA was dissolved in RPMI-1640 (serum-free), filter-sterilized and stored at 4˚C before use. Three different organelle-specific fluorescence probes: Rhodamine 123 for mitochondria, DioC 6 (3) for endoplasmic reticulum, and LysoTracker Green for lysosomes were purchased from Molecular Probes Inc. All other chemicals used were of analytical reagent grade.
DHL cells (follicular lymphoma) were kindly provided by Shanghai Institute of Hematology and were cultured in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin, and 50 mg/ml streptomycin (Gibco, Invitrogen) in a humidified atmosphere with 5% CO 2 and at 37˚C. The cells were subcultured 3 times every week to keep the exponential growth.
Measurement of cellular accumulation of 5-ALA-induced
PpIX. 5-ALA solution was added into the culture medium with the final concentrations of 2, 4 and 10 mmol/l, and the incubation time was varied from 0 to 7 h. The cell density in the cell-ALA mixtures is in the order of 10 6 cells/ml. The cells were washed twice with iced PBS and resuspended in fresh medium. A drop of the mixture (~1000 cells) were put onto the microscope slide for imaging investigation. Following different incubation time, PpIX content in DHL cells was evaluated using the Zeiss LSM 510 META laser scanning microscope equipped with a mode-locked femto-second Ti: sapphire laser (110 fs, 76 MHz), tunable from 700 to 980 nm (Coherent Mira 900-F, USA), as shown in Fig. 1 . The excitation wavelength was set at 820 nm, while the fluorescence emission from the DHL cells was directed by the main dichroic beam splitters (MDBS) to the META detector. The META detector with 32-gated photon counting module was used to collect images at a series of emission wavelengths range from 377 to 716 nm. In Lambda mode, analyzed cells were captured using 512x512 pixel measuring window with a scanning speed of 8 corresponding to a total scanning time of 1.57 sec, and the average time per pixel was 2.56 μsec. Fluorescence signal from single DHL cells was measured in the spectral range from 586 to 714 nm by the META detector. The system software allows the user to select any region of interest for spectral measurements. When measuring a particular cell, we first found the largest section of that cell, and then defined the whole cell section as the region of interest for spectral analysis. An example spectrum from a region of interest defined by the circle contour in Fig. 2A is shown in Fig. 2B . Twenty randomly selected individual cells in each sample corresponding to a particular 5-ALA incubation time were analyzed under the same system parameters. The average PpIX fluorescence peak intensity from the 20 cells was considered to represent the cellular PpIX level of the measured cell sample corresponding to a specific incubation time. We expect that the consistent sampling procedure and the averaging over 20 cells will minimize the error caused by heterogeneous PpIX distribution in individual cells.
Subcellular localization of ALA-induced PpIX in DHL cells.
5-ALA and organelle-specific probes were prepared with parameters as shown in Table I . The organelle-specific probes (Molecular Probes, Eugene, OR) included probes specific to mitochondria (Rhodamine 123), lysosomes (LysoTracker Green) and endoplasmic reticulum apparatus [DioC 6 (3) ]. DHL cells were incubated with 5-ALA for ~3 h, then centrifuged to obtain a cell pellet, aspirated the supernatant, and resuspended the cells gently in probe-containing medium. Then the cells were incubated for another 0.5 h in the CO 2 incubator with one of the three organelle-specific probes. Finally the cells were washed twice with iced PBS and resuspended in fresh medium before imaging investigation.
The same microscope system shown in Fig. 1 is used for both the 2-photon excitation fluorescence study using the fs laser and the conventional one photon fluorescence analysis using a-488 nm CW Argon-ion laser. The organelle-specific probes were excited by the 488-nm CW laser light, while 5-ALA-induced PpIX was excited by the 820 nm fs pulses from the Ti:Sapphire laser and a KP685 filter (685 nm short pass) was used for acquiring the fluorescence image. A Plan-Apochromat 63 x (N.A. = 1.4) oil immersion objective (Zeiss) was employed for focusing the excitation beam and collecting the backward fluorescence signals. META detector which covers a spectral range from 377 to 716 nm was used to record the emission signals. In the experiment, we used two independent channels, so that they can acquire images with best contrast under the optimal system parameters, including the laser intensity, detector gain, amplifier offset. In order to avoid the emission fluorescence crosstalk between fluorescent probes and ALA-induced PpIX, only one of the three different organelle-specific probes was added into DHL cells incubated with 5-ALA in a given experimental sample. As shown in Table I , emission filters were properly chosen for different organelle-specific probes according to the spectral features obtained from Invitrogen Inc. Additionally, in the independent channel, META detector which colleted the emission fluorescence of PpIX was set to a spectral range from 585 to 714 nm. These studies were performed with conventional one-photon excitation fluorescence technique. In this study, we used two-photon excitation fluorescence microscope for in situ determination of the relative PpIX content changes and localization in DHL cells. We recognize that TPEF will inherit all the advantages and drawbacks of one photon fluorescence technique, but will bring additional advantages in confocal microscopic analyses of tissues and cells. These advantages are less photobleaching and less photodamage to the sample due to the fact that two-photon fluorescence excitation occurs only at the focal point, not the whole beam path and that less average laser power is required than for conventional fluorescence confocal measurement because of the elimination of the detection pinhole in two-photon excitation fluorescence measurement, therefore, more fluorescence photons being collected. These advantages have been well recognized by researchers studying biological samples (20) (21) (22) (23) . The disadvantages of two-photon excitation fluorescence are more expensive equipment and the incapability of performing large volume sampling at one time because for two-photon fluorescence excitation to occur, the fs laser beam has to be focused to a micro-spot to achieve instantaneously high light intensity. In our experiments, PpIX content was evaluated using the LSM software. It is proportional to the average fluorescence intensity per cross-section area of the analyzed cells. In each sample, we analyzed 20 randomly selected individual cells to generate statistically meaningful data.
Results and Discussion

Kinetics of ALA-induced PpIX in DHL cells.
At all tested 5-ALA concentrations (2, 4 and 10 mmol/l), continuous incubation of DHL cells resulted in significant PpIX accumulation in the cells as evident from the observed PpIX characteristic fluorescence signals. Results of PpIXspecific fluorescence intensity estimated from the TPEF microscopy analysis are presented in Fig. 3 . At all ALA concentrations, the relationship between the PpIX fluorescence in DHL cells and the incubation duration showed biphasic characteristics. Initially, the PpIX fluorescence signal in DHL cells increased with increasing incubation time and reached maximum at 3 h: 1310 a.u. for 2 mmol/l 5-ALA concentration, 1562 a.u. for 4 mmol/l 5-ALA. However, for 10 mmol/l 5-ALA concentration, the maximum fluorescence intensity decreased to 1278 a.u. and it occurred at 4-h incubation time. It is fair to say that 3 h of 5-ALA incubation is about the optimal incubation time for PpIX accumulation in DHL cells.
5-ALA is a precursor of porphyrin in the biosynthetic pathway of heme. 5-aminolevulinate synthase catalyzes the conversion of glycine and succinyl coenzyme A (CoA) into 5-aminolevulinic acid molecules. 5-ALA is finally transformed into PpIX in the mitochondrial (6, 8) . Normally heme inhibits the formation of endogenous PpIX by a negative feedback control mechanisms, however, exogenous 5-ALA Figure 1 . Schematics of the Zeiss LSM 510 META system for two-photon excitation fluorescence imaging and spectral analysis. AOM, acousto-optic modulator; MDBS, main dichroic beam splitter; IR block, filter for blocking the excitation light. bypasses this regulatory mechanism and results in a temporary high concentration of PpIX accumulation (27) . In our experiments, three different concentrations of 5-ALA solution (2, 4 and 10 mmol/l) were added into the DHL cell culture and incubated for several hours, however, the induced PpIX concentrations were not proportional to 5-ALA concentration. Moreover, higher 5-ALA concentration did not necessarily result in proportionally higher PpIX formation. The results showed that when the 5-ALA concentration was increased to 10 mmol/l, the induced PpIX in DHL cells actually decreased as compared to that for 2 and 4 mmol/l 5-ALA concentrations. One of the reasons may be that 5-ALA in higher concentration solutions tend to aggregate easier than at lower concentrations (28) . Another reason may be that the viability of DHL cells, especially the mitochondria in the cells, was affected when incubated with higher concentrations of 5-ALA. The exact mechanism for this phenomenon deserves further investigations.
Subcellular localization of ALA-induced PpIX. DHL cells incubated with 5-ALA and then stained with one of the three fluorescence probes were studied using the system shown in Fig. 1 . PpIX intracellular distribution was imaged by twophoton excitation fluorescence technique under 820 nm fs laser excitation, while the distribution of the organellespecific fluorescence probe in cells was imaged with conventional fluorescence technique under 488 nm CW laser excitation. The results are shown in Fig. 4 . PpIX fluorescence is presented in red color in the left column. Rhodamine 123, DioC 6 (3) and LysoTracker Green fluorescence probes are presented in green color in the middle column. The overlay regions which appeared in yellow color indicate that PpIX appeared at the same place as the fluorescence probes (right column).
It is well known that photosensitizer localization pattern is an important determinant for its photodynamic efficiency. Studies have shown that different localization sites of photosensitizer in tumor cells correlated with different photodynamic action mechanisms and resulted in different PDT efficiencies (29) . Studying the subcellular localization of photosensitizer will help locate the sites inside the cell where photodynamic process taking place and therefore, improves the understanding of PDT mechanisms. Previous studies have demonstrated Table I . Preparation of DHL cells -concentrations of 5-ALA and organelle-specific probes in the cell culture medium, incubation time, excitation wavelength, and the filters for imaging.
Concentration in medium Incubation time Excitation wavelength Imaging filters
Rhodamine that higher PpIX concentration was induced in mitochondria from exogenous ALA (8, 30) . Zhen et al found that 5-ALAinduced PpIX was primarily confined to the mitochondria and resulted in better PDT efficiency than that of exogenous PpIX, which was distributed in the whole cytoplasm of cells (15) . One should also keep in mind that the primary localization site depends on the photosensitizer type, concentration and the cell lines (31, 32) . In this study, we used double-labeling (33) and two-photon excitation fluorescence microscopy as well as conventional confocal fluorescence microscopy to determine the localization of 5-ALA-induced PpIX. As shown in Fig. 4 , after incubated with 5-ALA for about 3 h, 5-ALA-induced PpIX was primarily localized in endoplasmic reticulum and mitochondria. In addition, ALA-induced PpIX was also localized in lysosome, but seemed to be at much lower concentration than at the other two organelles. Our experiments demonstrated that the distribution of 5-ALA-induced PpIX in cells follows the order: endoplasmic reticulum > mitochondria > lysosome.
It has to be pointed out that PpIX distribution in cells may be dynamic during the 5-ALA incubation process or during light irradiation. We have just studied the subcellular localization of PpIX in DHL cells at the 3-h incubation time-point where the PpIX fluorescence intensity reach its maximum value. More detailed studies of PpIX subcellular localization kinetics may help optimize the PDT treatment effect. Two-photon excitation fluorescence microscopy technique is ideally suitable for such studies due to reduced photobleaching and photodamage. We plan to perform such studies in the future.
In the two-photon excitation fluorescence microscopy experiment, we compared fluorescence images obtained under different excitation wavelengths including 800, 810, 820 and 830 nm. The 820-nm excitation gives the best images. To test whether the excitation of organelle-specific probes and PpIX affected each other, we experimented using 488-nm excitation of 5-ALA-incubated DHL cells in the absence of organelle-specific probes and found that only background noise was detected with no indication of PpIX fluorescence. However, when Rhodamine 123 was added to DHL cells in the absence of 5-ALA, Rhodamine 123 was excited by 810-nm fs lasers. We found that the two-photon excitation fluorescence spectrum of Rhodamin 123 is similar to the single photon excitation fluorescence spectrum measured with 488-nm excitation. This is consistent with the observation of Xu and Webb that a fluorophore's emission spectra are the same under one-photon excitation and twophoton excitation; and the emission spectral shape are independent of excitation wavelengths (34) . In order to avoid the influence of 820-nm excitation to Rhodamine 123 and other fluorescence probes, in our experiment organellespecific probes were always excited first during the doublelabel imaging procedures. META detector with a spectral range from 585 to 714 nm in META channel was independently used for collecting the fluorescence image of PpIX, and a BP filter (500-550 nm) was used for collecting the fluorescence image of Rhodamine 123.
In conclusion, we used two-photon excitation fluorescence microscopy to study the kinetics and subcellular localization of 5-ALA-induced PpIX in DHL cells. DHL cells were incubated with 5-ALA for 0-7 h, two-photon excitation fluorescence microscopy were used to image the PpIX distribution and calculate the relative PpIX content in cells at different incubation time-point. The results demonstrated that 5-ALA incubated with DHL cells can be effectively transferred into PpIX and accumulated in DHL cells. Incubation was performed with three different 5-ALA concentrations, it was found that the induced PpIX in DHL cells reached the maximum value at ~3-h time-point; as the incubation duration increased further PpIX content accumulated in DHL cells decreased with time. In combination with organelle-specific fluorescence probes, double-label method was used to determine the localization of endogenous PpIX in cells. With the multichannel mode microscope, we used two independent-channels (META channel for PpIX, traditional confocal channel for fluorescence probes) to achieve fluorescence imaging of organelle-specific probes and 5-ALA-induced PpIX, and the overlaid images were presented to find out the subcellular localization of PpIX. The results demonstrated that 5-ALA-induced PpIX were primarily localized in endoplasmic reticulum and mitochondria. In addition, 5-ALA-induced PpIX was also found in lysosome, but at much lower concentrations. Based on the kinetics and subcellular localization of 5-ALA-induced PpIX in DHL cells as revealed in this study, 5-ALA could be used as an effective photosensitizer for photodynamic purging of DHL cells. The study also suggested that twophoton excitation fluorescence microscopy is a useful tool for studying photosensitizer accumulation kinetics and subcellular localization in cells.
